12 13 • Barley is cultivated from the equator to the Arctic Circle. The wild progenitor species, 14 Hordeum vulgare ssp. spontaneum, occupies a relatively narrow latitudinal range (~30 -40˚ 15 N) primarily at low elevation, < 1500 m. Adaptation to the range of cultivation has occurred 16 over ~8,000 years. The genetic basis of this adaptation is amenable to study through 17 environmental association. 18 • Using genotyping from 7,864 SNPs in 784 barley landraces, we perform mixed model 19 association analysis relative to bioclimatic variables and analysis of allele frequency 20 differentiation across multiple partitions of the data. Using resequencing data from a subset 21 of the landraces, we test for linkage disequilibrium (LD) between SNPs queried in 22 genotyping and SNPs in neighboring loci. 23 • We identify seven loci previously reported to contribute to adaptive differences to flowering 24 time and abiotic stress in barley and four loci previously identified in other plant species. In 25 many cases, patterns of LD are consistent with the causative variant occurring in the 26 immediate vicinity of the queried SNP.
-5). Google Scholar searches were 195 performed with the terms "cold tolerance" or "freezing tolerance" or "drought tolerance" or 196 "flowering time" and "plant" or "barley." The protein-coding sequence (CDS) of identified genes 197 were used as the query or the subject in BLASTN against the barley high confident CDS in May 198 2016 on the IPK Barley BLAST Server (Mascher et al., 2017) . Barley genes and their interval 199 information were extracted if combined "Score", "Identity", "Percentage", and "Expectation" 200 produced the overall highest ranking and the "Query length" is >100 bp. In the event of identical 201 scores, all highest ranked hits were extracted.
202
The bedops 'closest-features' function (Neph et al., 2012) (Lewontin, 1988 Table S1 ). The exome resequencing includes 482,714 SNPs 245 in 62 samples ( Fig. S1 ; Table S2 ). The relative frequency of SNPs in both panels is shown in Table S6 ). F ST comparisons for elevation, low and high latitude, and growth habit identified 241 251 outliers (with the 99th percentile of F ST as a threshold) ( Fig. 1; Fig. S3 ; Table S7 ). Considering 252 both the environmental association and F ST comparisons, we identify a total of 387 unique SNPs 253 putatively associated with environmental adaptation in our genotyping panel ( Fig. S3 ).
254
Environmental associations and F ST outliers shared 12 SNPs in 11 annotated genes.
255
The only characterize gene found in both analyses is the HvPhyC locus in barley. For details 256 regarding overlapping results see Table S8 .
257
Previously reported loci associated with environmental adaptation
258
We identified 12 SNPs located in seven previously reported loci, which were (Table S1 ). The elevation comparison identified 319 the largest number of previously characterized loci, including HvPhyC, HvICE2, OSiSAP8 320 ( Figure 1 ).
321
As expected, SNPs with the most extreme F ST values for elevation, growth habit, and 322 latitude comparisons formed very distinctive geographic patterns. For each comparison, the 323 highest F ST values occur in SNPs that fall within genes that are annotated but uncharacterized.
324
The highest F ST from the high latitude comparison occurred at SNP 12_30191 with the F ST = 325 0.484 (p-value = 0). For this SNP, the ancestral allele dominates the wild barley distributed 326 range, while the derived allele is more prevalent in higher latitude regions ( Fig. 2a ). This SNP hit 327 the gene HORVU7Hr1G084420 (RAS-related GTP-binding) ( Table S7 ). The highest F ST from 328 the low latitude comparison is for the SNP SCRI_RS_170209 with the F ST = 0.517 (p-value = 0).
329
The ancestral state dominates the within the geographic range of wild barley and higher 330 latitudes, while the derived allele is more prevalent in lower latitude regions (Fig. S6a ). This 331 SNP hit the gene HORVU2Hr1G123480 (CCR4-NOT transcription complex subunit8) ( Table   332  S7 ). The highest F ST between samples from elevation comparison is for SNP (12_11529) with 333 F ST = 0.649 (p-value = 0). For this SNP the ancestral allele occurs at high elevations, such as 334 the Himalaya Mountains, while the derived allele tends to occur at lower elevation (Fig. 2b ). This 335 SNP falls within the gene, HORVU1Hr1G079140 (Pectin lyase-like superfamily protein) ( Table   336   S7 ). The highest F ST between samples from the growth habit comparison is for SNP 337 SCRI_RS_148782 with F ST = 0.395 (p-value = 0.395). For this SNP, the ancestral allele tends to 338 occur in high elevation or latitude regions, while the derived allele is more widespread (Fig.   339 S6b). This SNP falls within the gene HORVU4Hr1G088440 (Methionyl-tRNA formyltransferase) 340 (Table S7 ).
342
Environmental association to bioclimatic variables
343
We identified 159 unique SNPs significantly associated with at least one environmental 344 factor with the threshold of p-value < 5 x 10 -4 ( Fig. S3 ; Table S6 ). All of the p-values and 
356
Perhaps as expected, the aggregated independent components generally did not identify novel 
367
This is true whether a variant that is adaptive to particular environment is conditionally neutral or Table 4 ). Detectable
381
LD with flanking loci is limited to pericentromeric regions, because the locus tested is often the 382 only annotated gene within the 200 kb window (Fig. 3c ). For the remaining 257 SNPs, LD 383 extends well beyond the locus where the initial association was identified ( Fig. S8 c & d) . The 384 potential to identify individual loci likely to contribute to adaptive phenotypes is clearly limited by 385 both gene density and recombination rate variation (Figure 3b, Fig. S1 ).
386
SNP density is a limitation in our study. With ~40,000 annotated genes in the barley (Table S6) . (Table S10 ).
426
Chromosomal inversions can serve to maintain an association between variants at multiple loci (Fig. 4b & c) . Five SNPs within 445 HvPRR1/HvTOC1 have relative strong LD with SCRI_RS_137464 (r 2 >0.45) located in the 446 same gene (Fig. 4 a &b) . Resequencing identified 20 haplotypes with the two variants at the 447 SCRI_RS_137464 each occurring in 10 haplotypes (Fig. 4c) (Fig. S 9a) . Exome capture resequencing identified 469 eight haplotypes, with three occurring at high frequency, seven haplotypes predominate at lower 470 elevation and lower latitude, with two of those occurring most frequently. The haplotype that 471 includes the genotyped SNP is associated with low elevation and low latitude, but the single 472 nonsynonymous SNP found in resequencing is not clearly associated with any geographic 473 pattern (Fig. S 9c) .
474
Environmental association analysis suggested that the SNP SCRI_RS_235243 (P- 
490
At all three of the loci, a putative causative variants is not immediately apparent.
491
However, as two of the loci noted above, HvPRR1/HvTOC1 and DHAR, demonstrate barley 492 landraces are frequently segregating for a abundance of potentially functional variants.
494

Conclusions
496
Based on genotyping from 6,152 SNPs in 784 barley landraces from across the pre-historic 497 range of the species in the Old World, we detect environmental associations to bioclimatic 498 variables or identify allele frequency differentiation at 11 loci with prior evidence of contribution 499 to climatic adaption in plants (Table 1) . This includes well characterized loci that contribute to 928 Table S2 : The detail information of the exome capture data from 62 landraces.
929 Table S3 : Known flower time-related genes list.
930 Table S4 : Known cold tolerance-related genes list. 934 Table S7 : F ST outliers from elevation, high and low latitude, and growth habit comparisons.
931
935 Table S8 : The overlapped SNPs identified by F ST outliers and association analysis approaches. 
936
